ABSTRACT
I N T RO D U C T I O N
V390 Aurigae (HD 33798) is a single, chromospherically active, rapidly rotating, late-type giant (G8 III, V = 6.91). Strassmeier et al. (1990) found that this star shows strong Ca II emission lines typical for a chromospherically active star, with a flux log F(K) ∼ 6.3. However, Hα appears to be a normal absorption feature comparable to that of the reference star β Gem (Konstantinova-Antova et al. 2008 ). The high X-ray luminosity of the star detected by the XMM-Newton space observatory points to the presence of a high-temperature plasma, T > 10 7 K (Gondoin 2003) , suggestive of intense flaring activity. The high X-ray flux of V390 Aurigae could be explained by assuming that the heating of its corona results from a large number of small flares, if 25-30 per cent of the surface of V390 Aurigae is covered with bright solar-like active regions (AR; plages). Flares could be so frequent that their light curves would overlap, smoothing out inputs from individual small-scale events, which may be considered as a primary source of the coronal heating.
It is well known that the solar corona is heated by the two most favoured agents involving magnetic fields, namely magnetohydro-E-mail: zhilyaev@mao.kiev.ua dynamic (MHD) waves and transients, such as flares, micro-and nanoflares (see Narain & Pandey 2006 , and references therein). It is expected that when two oppositely directed magnetic fields come closer, the current density of the contained plasma increases considerably, so that even a small resistivity is quite sufficient to convert magnetic energy of plasma to thermal energy via magnetic reconnection.
The reconnect heating by footpoint motions was proposed first by Parker (1991) . Reconnection is associated with direct magnetic field dissipations. A forest of closed magnetic loops has footpoints anchored in photospheric regions. The mechanical energy flux is generated by footpoint motions. These motions increase the energy stored in the entwined magnetic field. This system can return to a minimum energy configuration only after a reconnection (or a cascade of reconnections). It is thought that these small and frequent reconnection events give rise to the microflare heating (Narain & Ulmschneider 1996) .
Flares on the Sun release energy ranging from ∼10 29 to ∼10 32 erg for the largest events. In the case of solar microflares, the energy release is ∼10 26 erg. However, until recently the micro-and nanoflares have eluded direct detection (Pauluhn & Solanki 2007) .
Recently, Jess et al. (2007) have presented evidence of microflare activity on the Sun. High-cadence optical observations of an Hα bright point near a solar AR obtained with the Dunn Solar Telescope reveal its temporal variability. The relative peak-to-peak amplitude of the oscillations is up to 50 per cent. The authors conclude that these intensity fluctuations can be linked to a microflare activity.
The time-scale of flares on V390 Aurigae remains an open question. Nevertheless, the recent multisite coordinated high-speed photoelectric monitoring in the U band revealed several flares with duration from seconds to minutes and amplitudes ∼0.025 mag (Konstantinova-Antova et al. 2005) .
Multisite, coordinated high-speed UBVRI photometry of V390 Aur and a reference star was carried out in years [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] over four epochs at the Peak Terskol, Crimean and Belogradchik observatories. Our primary goal is to prove the existence of intense microflaring activity. In the subsequent sections, we describe the observation, and then the analysis technique applied and the main results.
O B S E RVAT I O N S
According to Gondoin (2003) , V390 Aur has the following characteristics:
Aur is an astrometric binary from Hipparcos (CCDM 05153+4710) with an angular separation of component 0.3 arcsec and V = 10.4 mag. We measure both stars simultaneously. This component is too faint ( m > 3.4 mag) to make a noticeable contribution to the observed variability.
During photometry of V390 Aur, HD 33601 was used as the reference star (V = 7.47, B − V = −0.16, B8). It shows a constant brightness. In particular, this proves photoelectric observations of the eclipsing binary IM Aur where it was used as a comparison star (Dworak 1974) .
The observational data for V390 Aur and its reference star were obtained at three separate sites over two nights in 2009 September, on 2004 September 15, and on 2002 February 7. We used the following instruments:
(1) the 2 m Ritchey-Chretien telescope at Peak Terskol (North Caucasus, 3100 m above the sea level) with a high-speed twochannel UBVR photometer (Zhilyaev, Romanyuk & Svyatogorov 1992) ;
(2) the 1.25 m reflector AZT-11 at the Crimean Observatory with a UBVRI photometer-polarimeter (Kalmin et al. 1995) ; -the 60 cm Cassegrain telescope at the Belogradchik Observatory with a single-channel UBV photon-counting photometer (Antov & Konstantinova-Antova 1995) . The integration times were 0.01 and 0.1 s. Hence, our instrumentation allows us to detect signals with frequencies up to 50 Hz. The sky background was subtracted from the reported data. The UBVR observations were converted into a relative intensity scale with respect to the mean values of quiescent fluxes.
D E T E C T I O N A N D E S T I M AT E O F H I G H -F R E Q U E N C Y VA R I A B I L I T Y
A high-frequency variability is present, for example, in all dwarf novae in all stages of activity and other cataclysmic variables (la Dous 1993), in a form of random brightness fluctuations, with a continuous distribution in the corresponding frequency domain. The frequency distribution gives some indication about the geometrical extent of the variable source, namely there is either a point-like source or an extended, optically thick one.
In view of random nature of variability, there is some difficulty in the detection of any intrinsic low-amplitude fluctuations close to the noise level. A new promising tool for solving the problem relies on the theory of count statistics. The intrinsic activity can be detected using the factorial moments (Klauder & Sudarshan 1968) 
where n is the count rate, the angle brackets denote time-averaging. It is convenient to use the normalized factorial moments
In the case of Poisson statistics, it can be shown that, for any k, h [k] ≡ 1. Hence, any significant deviation of h [k] from one may signal the presence of variability. Attempting to detect activity of V390 Aur on shortest time-scales, we applied this relatively straightforward approach. The expression for the factorial moment of the second order
specifies the relative power of fluctuations ε in the frequency range f =
, where t is the sampling time, m is the length of the data segment, and n and σ 2 are the sample mean count rate and the variance, respectively. Choosing appropriate values of m and t, one can calculate the power spectrum of fluctuations by averaging ε over time. In our case, we adopt m = 5. The standard deviation for h [2] , as shown by Zhilyaev et al. (1995) , is defined by the relation
The actual value of ε caused by atmospheric scintillation can be determined from measurements of a reference star. The difference in ε between the observed relative power of the star and that of the atmospheric scintillations is taken to be the intrinsic ε spectrum of star. Fig. 1 shows portions of the light curves of V390 Aur and its reference star. In this particular subset of data, we fail to detect any variability with amplitudes in excess of 0.02 mag. However, V390 Aur shows clear signs of variability in the data obtained with the same equipment in 2002 February (Fig. 2 ), e.g. a smallscale flare event with an amplitude 0.030 ± 0.007 mag and duration 40 s. This clearly indicates a non-stationary character of activity in V390 Aur. We emphasize that two small-scale flare events exhibit intense high-frequency oscillations (HFO) over the time interval of about 2000 s with periods of ∼100 and 120 s. We have added a small arrow to mark the beginning of a flare in Fig. 2 . Note that a wavelet analysis can accurately identify the start of the event.
Examples of the ε approach are shown in Figs 3-6. The power spectra of both V390 Aur and the reference star in Fig. 3 exceed the 95 per cent confidence barrier. These particular spectra reflect mainly atmospheric scintillations. However, the ε spectrum of V390 Aur also clearly indicates the presence of activity in the range 1-10 Hz. The relative power of short-term variation of V390 Aur is ∼2.6 × 10 −5 of the total power in the U band. Thus, the analysis shows a low-level activity for all samples of V390 Aur on time-scales from ∼0.1 to 10 s in the UBV bands.
We believe that the variability reaches its maximum somewhere in the middle of an area of 0.1-10 Hz. Evidently, there is a nonstationary process, which makes it difficult to evaluate the exact position of the maximum. Therefore, our estimate of the maximum of about 1 Hz is rather indicative. (Fig. 5) . However, one must take into account that the Crimean data were obtained in the frequency range up to 3.5 Hz, whereas the Terskol data allow us to trace variability up to 35 Hz. Furthermore, the Crimean data provide values for the power density of fluctuations in the U band an order of magnitude larger than the Terskol data. The power densities in the BV bands are higher by a factor of 4, too (Fig. 5) . At the same time, we failed to detect intrinsic fluctuations in the R band (Fig. 6 ), which signifies a blue-colour bias of the intrinsic fluctuations.
S C I N T I L L AT I O N N O I S E S
In photometry of bright stars, scintillation noise is usually a dominant error source. The rms error due to scintillation noise is (Young 1974) 
where D is the diameter of the telescope, f is the bandwidth (=1/(4τ )) for an integration of τ seconds (Robben 1971) , h is the observer's altitude above the sea level, h 0 = 8000 m is the atmospheric scaleheight and M sec(z) is the air mass. A typical value is S 0 = 0.09 for D in centimetres. The exponent is p = 3/2 at azimuths perpendicular to wind, and p = 2 when looking along the wind direction. The intensity of scintillations is log-normally distributed. Hence, for weak scintillations in bright stars, the standard errors are identical, if expressed in the stellar-magnitude scale.
It is important to use a nearby comparison star to evaluate the scintillation component of the covariance in equation (2) and exclude the atmospheric effect. Fig. 6 shows for V390 Aur and the comparison star the scintillation powers and standard errors in the R band. The estimated scintillation errors do not depend on stellar magnitudes and agree within the limits of experimental errors. It is interesting to note that the situation in the UBV bands (Figs 3-5) significantly differs due to intrinsic activity of V390 Aur. Clearly, any intrinsic activity of this variable star is not detectable in the R band. From this particular subset of data, one may estimate the covariance due to scintillation noise in R magnitude in the bandwidth 0.5−3.5 Hz as (3−5) × 10 −5 . Thus, a standard error due to scintillation noise lies within 0.006−0.007 mag. Note that this specifically applies to the observations taken with the Crimean 1.25 m telescope AZT-11 on 2004 September 15.
R E S U LT S A N D D I S C U S S I O N
As mentioned above, the short-term variability of V390 Aur may be explained in terms of independent outbursts (pulses) from multiple sources. The high X-ray flux of V390 Aur detected by the XMMNewton space observatory could be explained by assuming that the heating of its corona results from a large number of small flares.
On the Sun, the frequency of occurrence of transients, such as flares or microflares, exhibits a power-law distribution with the exponent varying between 1.4 and 3.3. In order to provide a dominant heat input to the corona, each second approximately 10 3 -10 4 nanoflares should occur throughout the atmosphere of the quiet Sun. However, until recently the micro-and nanoflares have eluded direct detection (Pauluhn & Solanki 2007) . Nevertheless, Jess et al. (2007) have presented evidence of microflare activity on the Sun. High-cadence optical observations of an Hα blue-wing bright point near a solar AR NOAA 10794 were obtained with the Dunn Solar Telescope using the Rapid Dual Imager. The data selected for the analysis consist of 31 760 Hα blue-wing images taken with a 0.05 s cadence over a total time period of 26.5 min. A time series was created for the AR bright point to display its temporal variability. In each frame, approximately 30 pixels exceeded the 10σ threshold, indicating a bright point surface area greater than 150 000 km 2 . Two separate microflare events were found over a time period of 26.5 min. The first corresponds to an approximate 80 per cent intensity increase over the neighbouring quiescent flux, with an event duration exceeding 120 s, the second relates to an approximate 125 per cent increase in intensity lasting in excess of 350 s. Applying the wavelet analysis to the bright point time series, the authors show that the 20 s oscillation is detectable and that the detected oscillations are real, and they are not an artefact of the bright point evolution and/or jitter. The relative peak-to-peak amplitude of the oscillations is up to 50 per cent. The authors conclude that these intensity fluctuations can be linked to a microflare activity with similar energetic and durations. The oscillation sites surrounding the bright point are observed to twist, which could be related to a twisting of physical flux tubes, thus giving rise to reconnection phenomena. Hence, the solar microflares show clear evidence of intensity oscillations triggered by a reconnection event.
To provide a mathematical model of the phenomenon, we choose a stochastic approach, in a form of a random-pulse process represented by a sequence of independent, random events. As mentioned by Gondoin (2003) , this could explain the presence of a hot coronal material even in the absence of obvious flares. The latter does not imply that there are no small-scale events, not identifiable in a light curve with moderate signal-to-noise ratio. Given all the uncertainties entering this 'toy microflare model', we are inclined to provide only the order-of-magnitude estimates (see Appendix A for the model setup). Thus, our model suggests the microflares as a major component responsible for the high-frequency variability of V390 Aur. We have a few free parameters: the flare amplitude, the rising time and damping time of a microflare, the flaring rate and the oscillation frequency. These parameters are numerous enough to reproduce the observed radiance and its power spectrum. One may assume that the flare process is Poissonian, i.e. the time intervals between two consecutive flares are exponentially distributed with a flaring frequency of ν. Note that an increase of ν results in overlap between individual flares. According to the central limit theorem, the distribution of a sum of such events converges to a normal distribution. This may lead to a degradation both of the distribution and spectral features related to an individual brightening. In practice, only four to five events could be sufficient for the convergence.
The first characteristic which may help to reveal the nature of a variable source is the ε power spectrum (equation 2). For V390 Aur, the spectrum is sharply peaked at f ∼ 1 Hz, with intensity gradually dropping to the background level outside of the 0.1-10 Hz range (Figs 3 and 4) . In this particular range, the relative power of fluctuations in the U band is ε U 3 × 10 −5 . In the BV bands, the power drops to (2.1-2.5) × 10 −5 . The actual value of ε caused by atmospheric scintillations from the measurements of a reference star is ε U 1 × 10 −5 for an integration time of 0.01 s. Thus, the standard error caused by a scintillation noise in the U band with the 2 m telescope is 0.003 mag.
To account for the peaks in the energy spectra (Figs 3 and 4) , one should invoke either a periodic component in the flare activity or oscillations during the optical flares. An eruptive MHD instability would be expected to produce HFO during flares. In particular, this is supported by the observations of the Sun's microflares (Jess et al. 2007) , as well as the 'classical' flares from flaring stars (Zhilyaev et al. 2000) . Fig. 2 shows the initiation of oscillations during the small-scale optical flares registered on 2002 February 7. Thus, in addition to the impulse instability during microflares, we encounter an intense HFO related to the flare event.
As the microflare energy spectrum varies within wide frequency limits (two decades), one would expect a characteristic time-scale of HFO between 0.1 and 10 s. Hence, the flare duration could be a factor of 3−5 longer, amounting to 0.3-50 s.
We cannot directly evaluate the amplitudes of individual microflares, as such events fall below the detectability limit. A tentative upper bound for the flare amplitude can be provided by the net variance coming from the intrinsic stellar variability. In UBV, the maximum amplitude of the variable component is ∼0.005 mag.
It appears that in V390 Aur at some epochs, we observe an ensemble of microflares with a duration ranging from tenths to tens of seconds and amplitudes no more than ∼0.005 mag. Another important detail concerns the microflare rate. A single characteristic that can be evaluated experimentally is a scalar product νM{A 2 } of the average flare rate ν per unit time and the mathematical expectation of the flare amplitude M A 2 k , coming from the description of the covariance function (see Appendix A). Our toy model is too simple to provide an accurate value. The order-of-magnitude estimate of the scalar product gives
This leads to an ensemble average in the sense of a geometric mean: τ 0 1 s and ν 0 3.7 × 10 −6 /A The energy content of microflares can be estimated as E = A 0 τ 0 ν 0 8 × 10 −4 of the stellar luminosity. According to Gondoin (2003) , the luminosity of V390 Aur is L = 9.56 × 10 34 erg s −1 for R(R ) = 6.7, T eff (K) = 4970. Thus, the energy released during a flare is ∼7.6 × 10 31 erg, i.e. a 'typical' microflare on V390 Aur can emit the same energy as a large flare on the Sun.
In reality, the energy input from microflare activity is determined by the distribution of flare amplitudes. The occurrence frequency of flares and microflares on the Sun exhibits a power-law distribution with an exponent varying between 1.4 and 3.3 (Pauluhn & Solanki 2007) . The microflares in V390 Aur are only marginally detectable or fall under the detectability limit in the optics. Assuming the power-law distribution of events in this star, one may imply that the small-scale frequent events could provide the dominant energy input to the corona.
X-ray emission of V390 Aur was observed by the XMM-Newton space observatory (Gondoin 2003) . The X-ray luminosities in the 0.3-2 and 2-10 keV bands were about 4 × 10 30 erg s −1 in 2000 September and 7 × 10 30 erg s −1 in 2001 March. Compared with the first date, the X-ray luminosity was 35 per cent higher in the 0.3-2 keV band and a factor of 2 larger in the high-energy band. This points to a non-stationary character of the coronal emission in V390 Aur.
The energy released during flaring activity integrated over the full spectrum is of the order of (2−6) × 10 32 erg s −1 . The total X-ray coronal energy loss of V390 Aur lies within (4-7) × 10 30 erg s −1 . Thus, the energy input for heating of corona would be expected at a level of about (1-2) per cent of the total power of flaring activity.
C O N C L U S I O N S
A new promising approach based on the theory of count statistics allowed us to detect activity of V390 Aur on short time-scales. The actual value of variability caused by atmospheric scintillation was determined from measurements of a reference star. The intrinsic activity of the star was found as a difference between the observed relative power and that of the atmospheric scintillations.
We found that the intensity from a variable source on V390 Aur is sharply peaked at a frequency around about 1 Hz, spanning the range ∼0.1-10 Hz. The relative power of fluctuations reaches (2.1-3.0) × 10 −5 in the UBV bands. We propose a simple model which suggests microflares as a dominating cause of the high-frequency variability of V390 Aur. We argue that the peak in the energy spectra is caused by the HFO during optical microflares, triggered by an eruptive MHD instability. We propose some arguments in support of this hypothesis. In particular, the light curve of V390 Aur on 2009 February 7 demonstrates a modulation depth of ∼30 per cent. According to Jess et al. (2007) , the Sun's microflares exhibit modulation depths up to 50 per cent, too.
It appears that the observed variability patterns can be related to an ensemble of microflares with a duration ranging from tenths to tens of seconds. The ensemble average gives a rough estimate of a 'typical' microflare on V390 Aur in the sense of a geometric mean. According to our toy model, a representative microflare has a maximum amplitude of 0.005 mag, the flare rate of ν 0 0.15 s −1 and duration of ∼4 s. It significantly contributes to the total power around f 1 Hz, within the frequency range f 0.125 Hz.
The energy output of the ensemble-average microflare is estimated as E 8 × 10 −4 of the stellar luminosity. Hence, the energy released during a microflare is 7.6 × 10 31 erg, for L = 9.6 × 10 34 erg s −1 . Therefore, in V390 Aur the ensembleaverage microflare can emit the same energy as a large flare on the Sun. The energy input for heating of corona would be expected at a level of ∼(1-2) per cent of the total power of flaring activity. In practice, we frequently encounter complex random-pulse signals. There are different approaches to the spectral analysis of such a random process (Goryainov, Zhuravlev & Tikhonov 1980; Kovalenko, Kuznetsov & Shurenkov 1996; Miller et al. 2004) . Some basic understanding of the process, as well as its driving mechanisms, could be gained from expressions for the correlation function and energy spectrum. In this appendix such expressions are derived for a Poisson pulse signal.
We discuss the case when the observed signal comprises a constant component and random pulses of the form h(t), occurring at an average rate ν per unit time:
where amplitudes A k are a stationary series of random variables with a probability distribution p (A). If the mathematical expectation M A 2 k h 2 (t − t k ) < ∞, then the mean value and the covariance function are defined by the Campbell formulae (Goryainov et al. 1980 )
Let F(ω) be the Fourier transform of the function h(t)
To simplify the approach, we assume a constant amplitude A 0 and identical duration τ 0 for all the pulses. As was mentioned above, a flare event can be represented as an amplitude-modulated (AM) signal. In the case of microflares, a good fraction of the power may leak into the carrier signal (HFO). The amplitude modulation is reproduced by forming the product:
h(t) = h 0 [1 + kcos(ω 0 τ )] ; −τ 0 /2 < t < τ 0 /2 h(t) = 0 ; t < −τ 0 / 2 & t > τ 0 / 2.
The modulation depth, k, indicates by how much the modulated variable varies around its 'base' level, i.e. for k = 0.5 the carrier's amplitude fluctuates by 50 per cent above and below the unmodulated level. The light curve of V390 Aur on 2009 February 7 (Fig. 2) provides k 30 per cent. Microflares on the Sun exhibit a modulation depth up to k 50 per cent, too (Jess et al. 2007 ). The one-sided spectrum of an AM signal is
where ω 0 is the HFO frequency. Therefore, one can see that the spectrum of an AM signal consists of its original spectrum shifted up to the carrier frequency ω 0 . Note that the pulse signal with duration τ 0 significantly contributes to the total power around frequency ω = ω 0 within the frequency range about ω = π/τ 0 . We will consider also the case with non-overlapping impulses. The time intervals between two adjacent pulses in a Poisson stream are exponentially distributed: p (τ ) = ν exp (−ντ ), τ ≥ 0. The mathematical expectation and variance for the time intervals are M{τ } = m τ = 1/ν and D{τ } = 1/ν 2 . The spectral power density function of such a random-pulse process is (Goryainov et al. 1980) 
S(ω)
The plot of the factor is shown in Fig. A1 . Thus, assuming the probability density functions of the flare amplitude, duration, flaring rate, and oscillation frequency ω 0 , we may reproduce the flare radiance output, as well as the radiance power spectrum.
